-Solvation of ions as a microscopic property is understood to be given by certain time independent and time dependent probability functions which describe the structure and internal dynamics around the ions in a heap of mass points representing ions and solvent species in the lthuid state. It is shown in an abbreviated and simple form in which way the three macroscopic observables j , T1 , T2 characterizinci one of the nuclear magnetizations of the solution give a partial and truncated picture of the microscopic object of interest here. Interpretation of chemical shift data very often is rendered more difficult by the fact that the local microscopic magnetic field is determined by the electron density, for the nuclear magnetic relaxation data this is the case to a much lesser degree. Literature references referring to nonaqueous solutions are given as examples for the basic relations outlined where for reasons of room detailed discussion is not possible. Figure 1 shows the object of our interest in the simplest form, we have a binary mixture of a salt with a non-aqueous solvent, here methanol. In fact, the solute should have cations and anions, for simplicity we have only shown the cationic species M&/*, v= 1,2,3.Obviously, the solvent splits into bulk and "solvation liquid". The solvation liquid surrounds the solute species, and, as may be seen from Fig. 1 all Me' -0 distances are equal and all nearest neighbour 0 -0 distances are also equal. Thus here the solvation may be described with a "chemical language" as Me(H2O) where, for instance, n = 6 if the picture is completed to a three dimenional one.
NMR AND SOLVATION OF IONS IN NON-AQUEOUS SOLVENTS H. Gerhard Hertz
Institut für Physikalische Cheraie und Elektrochernie der Universität Karlsruhe, Kaiserstr. 12, 75 Karisruhe, West-Germany -Solvation of ions as a microscopic property is understood to be given by certain time independent and time dependent probability functions which describe the structure and internal dynamics around the ions in a heap of mass points representing ions and solvent species in the lthuid state. It is shown in an abbreviated and simple form in which way the three macroscopic observables j , T1 , T2 characterizinci one of the nuclear magnetizations of the solution give a partial and truncated picture of the microscopic object of interest here. Interpretation of chemical shift data very often is rendered more difficult by the fact that the local microscopic magnetic field is determined by the electron density, for the nuclear magnetic relaxation data this is the case to a much lesser degree. Literature references referring to nonaqueous solutions are given as examples for the basic relations outlined where for reasons of room detailed discussion is not possible. Figure 1 shows the object of our interest in the simplest form, we have a binary mixture of a salt with a non-aqueous solvent, here methanol. In fact, the solute should have cations and anions, for simplicity we have only shown the cationic species M&/*, v= 1,2,3.Obviously, the solvent splits into bulk and "solvation liquid". The solvation liquid surrounds the solute species, and, as may be seen from Fig. 1 all Me' -0 distances are equal and all nearest neighbour 0 -0 distances are also equal. Thus here the solvation may be described with a "chemical language" as Me(H2O) where, for instance, n = 6 if the picture is completed to a three dimenional one.
In Fig. 2 we have again a binary mixture electrolyte -methanol. Now the splitting of the solvent in bulk and solvation liquid becomes more ambiguous. Still, in some way one can say that the solvation liquid surrounds the cations, however the two distances mentioned above are distributed over fairly wide ranges. In Fig. 2 we have shown cationic species with diffuse solvation spheres, for the anions we have to imagine such type of solvation in almost all cases. Now the chemical, stoichiometric language to characterize solvation becomes meaningless and we have to take recourse to a configurational description. Our object in the microscopic sense is a heap of mass points, the atoms, or atomic nuclei, each mass point represents a certain element. And now we wish to describe the system in terms of geometrical properties of this heap of mass points. The tool to do this is a suitable set of pair distribution functions. Fig. 3 shows a schematic representation; the pair distribution unction p(r) gives the probability density of finding an atom at position r relative to the position of another atom or ion. In fact, we could also have included in Figs. 1 and 2 the electrons as another type of mass points, the number of electrons around a given solute nucleus would define the ionic species, however we shall not make explicit structural statements about the electron distribution.
So the primary aim of our investigation of the solvation of ions should be the presentation of a set of cation -atom and anion -atom distribution functions. Of course, the different atoms in a binary mixture are members of the same solvent molecule. The solvent molecule connects a certain set of ion -atom distribution functions to give an ion -molecule distribution function, however this combination of atomic pair distribution functions sometimes is not an easy task because the solvent molecules are flexible, i.e. ..€;.
•.
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where the limit of integration r r* is the location of the first relative minimum of p(r ) which defines the first coordination sphere = 4f)2( =/P()d (5) The local signal function f(v, r)
is determined by the electronic and nuclear distribution around the solvent nucleus in cuestion. The electronic distribution determines the position of the maximum of r), the nuclear distribution and dynamics may alone determine the shape (width) of jC(V, r') Likewise for the bulk we have (y) = )fr)c/ (6) where fh,(v-) (=f(vr) for •r > r) does not deoend on r and p(r) = const. is a rva1ue such that p(r) = 0 and nc appears to be well-defined. This condition is often fulfilled for polyvalent cations like Al3, Ga3, Be2, Mg2+, Co2+, Ni2+, however, for univalent cations and anions it is never fulfilled. So there are many examples in the literature where n has been determined by analysis of the solvent spectra with separated solvation and bulk signals. In most cases the first coordination number was found to be six (Ref. 1 -13).
Let us now consider the cases where p(r) is not practically a cc-function. This means that even at the minimum position r of p(r) we have p(r) = p(r*) 0. From the static description we transcribe this statement to a dynamic one. We say: the fact that p(r) 0 must also mean that P(r01r,t) 0, where r0 is the position of the maximum of p(r). iD (r0,r ,t) is the propagator describing the solvent motion relative to the ionic species considered, it gives the probability density of finding the solvent atom at r at time t if we know that it was at r = r0 at t = 0. Of course, the total function P(r0,r ,t) would be difficult to obtain, however, we may form a suitable space integral of P(r01r ,t) in order to get partial information. Thus we write // --e r, ) c( (7) which defines the residence time T of the solvent molecule (or atom) in the first coordination sphere in terms of the propagator for the relative translational motion. In this situation one obtains an additional broadening of the two lines forming the spectral intensity g( ) , thus we have now gNP,•T). The latter quantity is given by the solution of a set of coupled Bloch-equations, these are differential equations for the partial magnetizations which involve the relaxation and exchange process (Ref. 14) . It is hoped that the relaxation and exchange process contribute independently to which essentially means that the distance r occurring in eq. (7) Wfr)dv (1-csftr1)4v (10) where N0 is Avoqadr&s number. 
is the first coordination number of the solvent molecule i with respect to the ion in question, we can also say: If preferential solvation is absent, then •-i is only dependent on c5, but it is independent on the solvent composition. Furthermore, in eq.(10) the first term on the right-hand side may be written (e.g. for component 1) C4f9(r)1 (1) (:) (2) For the practical application it is assumed that depends linearly on the relative amount of 1 and 2 molecules in the solvation sphere. If this requirement if fulfilled, then eq.(12) can be used to study preferential solvation. In the absence of preferential solvation dV is a linear function of xi, non-linearity is taken as an indication for selective solvation. The nucleus whose resonance is studied, passes through all the environments y , ç y-appearing as arguments in eq. (12) . If the residence time in the various distinct environments is long compared with the inverse difference of the chemical shifts Lr1.) assigned to these environments, then the spectrum is again split to give a set of separate resonance lines. We quote a number of literature references, where this method has been applied (Ref. 12, 32 -45) in some cases the second solvent component is water.
In all the expressions of this section the cbncept of the first coordination number nc occurs as an integral over the atomic or molecular distribution function. nc can also be defined by suitable sets of "thermodynamic" or "chemical" stability constants (Ref. 46, 47) . By these stability constants the distances r ' occurring as the upper limits of these integrals is implicity defined. This is the problem of correspondence between the chemical and the configurational language. T2 very few experimental data pertinent to our subject are available, so in the following the transverse relaxation time T2 does not require a separate discussion.
The longitudinal relaxation time T1 is the macroscopic kinetic parameter which describes the approach of the z-component (z:direction of the static magnetic field) of the nuclear magnetization 172 towards equilibrium (fl2) if by suitable experimental techniques this equilibrium mactnetization has been disturbed. We have ? _ *(?:_ ?) ( 
13)
The bridge between the macroscopic relaxation rate l/T1 and the microscopic structure and dynamics of the electrolyte solution is given by the basic relation - (14) where the factor of proportionality 1< contains nuclear quantities like the / spins I or S and gyromagnetic ratios , r (Ref. 48) . /(cL4 is the spectral density of the interaction of the nuclear magnets with their surroundings which causes the spin system to exchange energy with the remainder of the system, the so-called lattice. For our purpose two kinds of interaction are of importance. (1) The magnetic dipole-dipole interaction, it involves only the magnetic moments of the nuclei in the system and (2) the electric quadrupole interaction. Here the interaction of the nuclear electric quadrupole moment with the electric field gradient. produced by the nuclei and electrons are effective. Let us begin with the simpler case of the magnetic dipole-dipole interaction.
The spectral density is given by the relation -
i.e. it is the Fourier transform of G(t), the suitably normalized time correlation function of the magnetic dipole-dipole interaction, c., the resonance frequency, is of the order of i8 s1, G(t) in most cases decays towards zero after a time of the order 10-11 s, so in this situation of greatest practical importance, the Fourier transform degenerates to a time integral over G(t). We write G(t) in a form which is suitable for our objective (Ref.
49, 50):
( (16) The integrand in eq. (16) is built up of the following three parts: p(r ) is the pair distribution function of the atoms which carry the magnetically interacting nuclei. According to the purpose of the present article, here eq. (16) is applied to the situation that) one of the pair partners is the ion whose solvation we are stdyq• "(t) is the spherical harmonic of second degree, it is a function of the orientation of the vector connecting the two magnetic nuclei. The correlation function does not depend on the order (m) of the spherical harmonic. r0 and r are the internuclear separations at t = 0 and t = t, respectively, so (t)/r3 essentially represents the magnetic dipole-dipole interaction. The occurrence of r in this expression offers the possibility to"measure" the distance in the liquid as will be seen shortly. The importaflt feature of eq. (16) is that it does not contain the electron density. 'P(r0,i' ,t) characterizes the relative motion of the two interacting nuclei (see eq. (7)). The practical physical content of eq. (16) NKR and solvation of ions in non-aqueous solvents 2303 is as follows: If we can make any reasonable prediction of the motional part (r01r,t), then from the experimental knowledge of l/T1 via eqs. (14) - (16) information about p(r0) can be obtained. Or, alternatively, if p(r0) is sufficiently well known,the motional properties of the solution can be studied. We shall first turn to the discussion of the former case. In a simplifyina way we may consider only the rotational contribution to P?01?,t , then eq. (16) takes the form (Ref. 49):
' e (17) where is the effective rotational correlation time of the dipole-dipole interaction. Appropriate further reduction of this formula and combination with eqs. (14) and (15) 4-= 22S(3÷1)z --' (18) where is the contribution from the region of the solution outside the first coordination sphere. a is the closest distance of approach between the two interacting nuclei, that is, in eg. (12) Let us now treat two examples. In the first example the relaxing ionic nucleus was 19F in rand two solvents have been used to apply this method: methanol and formamide (Ref. 52) . Then the interacting solvent nucleus may be 1H of HOCD3 or it may be the representative proton spin of CH3OD. Measurements of the l9F relaxation rate in these two isotopically labelled methanols yielded the two distances of closest approach as given in Fig. 4 . In the same way the 19F relaxation rates caused by HCOND2 and by DCONH2 have been measured yielding the first coordination sphere configuration shown in thus it relaxes by quadrupole interaction, however very often the quadrupolar contribution is so small that the magnetic dipole-dipole interaction as a partial cause of relaxation can be identified by isotopic substitution and the relaxation rate evaluated in the sense as described above. Fig. 6 gives an example, namely Li+ solvated by formic acid (Ref. 53) . Here the solvent molecule is flexible, thus, as was mentioned in the introduction, the derivation of the solvent molecule orientation from the atomic model pair distribution functions is not a priori unique. Quantum mechanical calculations yield the result that the trans-conformation with respect to the protons is the stable one (Ref. 54 ) and thus Fig. 6a gives the correct ion solvent configuration.
As has already been mentioned above, most of the ionic nuclei have an electric quadrupole moment. Then eq. (14) 
062 ces (19) The sources of the electric field gradient are the electric dipole moments of the solvent molecules surrounding the ion, whose nuclear magnetic relaxation is studied; the distance dependence of this interaction is -r4.
Apart from a constant factor, the Sternheimer or antishielding factor (Ref.57), In this event the quadrupolar contribution to the relaxation rate -eqs. (14) and (15) ) has appreciable and more or less equal values. This has the consequence that we have also a marked reduction of the relaxation rate, however now caused by disorder, not by order. Finally connected with the comparatively great amount of disorder in the first solvation sphere a rapid approach of the motional propagator to orientational uniformity takes place, which also causes a reduction of the quadrupolar relaxation rate (F.R.D. model, (Ref. 56, 64) ). The solvation of Li+, Na+, Rb+, Cs+, Cl, Br and 1 in simple alcohols and amides, in (1'-:))°, (21) the' 'S are the time constants determining the local propagator P(r. G) which occurs in eqs. (16) 
